Abstract Natural attenuation processes valorization for PAH-contaminated soil remediation has gained increasing interest from site owners. A misunderstanding of this method and a small amount of data available does not encourage its development. However, monitored natural attenuation (MNA) offers a valuable, cheaper and environmentally friendly alternative to more classical options such as physico-chemical treatments (e.g., chemical oxidation, thermal desorption). The present work proposes the results obtained during a long-term natural attenuation assessment of historically contaminated industrial soils under real climatic conditions. This study was performed after a 10 year natural attenuation period on 60 off-ground lysimeters filled with contaminated soils from different former industrial sites (coking industry, manufactured gas plants) whose initial concentration of PAH varied between 380 and 2,077 mg kg -1 . The analysed parameters included leached water characterization, soil PAH concentrations, evaluation of vegetation cover quality and quantity. Results showed a good efficiency of the PAH dissipation and limited transfer of contaminants to the environment. It also highlighted the importance of the fine soil fractions in controlling PAH reactivity. PAH dissipation through water leaching was limited and did not present a significant risk for the environment. This PAH water concentration appeared however as a good indicator of overall dissipation rate, thereby illustrating the importance of pollutant availability in predicting its degradation potential.
Introduction
Past industrial activities have left huge areas of contaminated land. In particular, coal based industrial activities such as coking or manufactured gas production were great generators of organic pollutants such as polycyclic aromatic hydrocarbons (PAH). These persistent and carcinogenic compounds have accumulated in the soil compartment and their potential transfer through surface or ground water or the food chain represents nowadays a threat to human health. Several remediation treatments may be used such as thermal desorption, chemical oxidation, solvent extraction and bio(phyto)remediation. But for both practical and financial reasons these treatments cannot be applied everywhere. Furthermore, these physicochemical processes, though efficient for PAH degradation, can deeply affect soil fertility (Sirguey et al. 2008; Laurent et al. 2012) . Since the 1990s the use of natural attenuation (NA) processes for site remediation and management has gained increasing interest among site owners and regulatory agencies. The natural attenuation processes have been defined by the US-EPA as ''a variety of physical, chemical, or biological processes that, under favorable conditions, act without human intervention to reduce the mass, toxicity, mobility, volume, or concentration of contaminants in soil or groundwater '' (EPA 1999) . Some additional declinations of this definition have been proposed but they all encompass the same general processes. Three types may be distinguished. Transport processes include advection, dispersion, diffusion and sedimentation. Phase transfer processes are responsible for movement between compartments such as sorption and volatilization. Transformation processes are the only ones that effectively reduce the mass of contaminants whereas transport processes mainly affect concentration and exposure. Chemical alteration of contaminants may be due to both abiotic (e.g., dissolution, complexation, hydrolysis, precipitation, oxidation, and reduction) or biotic processes (e.g., biodegradation) (Mulligan and Yong 2004) . But relying on nature to deal with a pollution site problem has often been viewed as a ''no action'' or ''walkaway'' approach. The evolution of the different definition of NA (Rittmann 2004 ) has led to propose the concept of monitored natural attenuation (MNA) that is a management concept that uses NA as a remediation option. The implementation of MNA as a site remediation option requires a clear demonstration that NA processes protect the environment from harmful impacts efficiently and persistently (Rügner et al. 2006) . In other words, like other remediation techniques, MNA has to achieve site-specific remediation objectives within a reasonable and pre-defined timeframe. It shall include the two essential aspects of source control and long-term performance monitoring (Declercq et al. 2012) . Bioremediation is often associated to natural attenuation but refers to the supporting, the stimulation, or the enhancement of the biological activity of the natural attenuation processes. It can be classified as enhanced natural attenuation (ENA). At first mostly developed for contaminated groundwater remediation (MacDonald 2000) , MNA applicability for soil remediation has also proved efficient (Mulligan and Yong 2004) . Though scarce, the data on natural attenuation of PAH-contaminated sites seem to indicate that MNA may be applied to this type of contaminants and offers promising results for low molecular weight compounds (Rogers et al. 2002) . It is well known that in a contaminated soil system PAH may be subjected with various intensities to all the processes involved in NA. However, the respective intensity of these processes cannot be predicted. Therefore the feasibility of MNA, that is achieving a decontamination goal while preventing any harmful impact, is unknown. This work proposes a diagnosis on four industrial PAH-contaminated soils placed under similar field conditions and subjected to longterm NA processes (82-100 months). The tested parameters included PAH content in leached water, soil PAH concentrations, as well as evaluation of vegetation cover quality and quantity. These results were statistically confronted to soil initial properties (agronomic, contaminant) to check if some predictive parameters could be identified to (i) help initial decision making and (ii) identify processes mostly responsible for NA.
Materials and methods

Soils origin and properties
The soils studied in this work were sampled on three former industrial sites of France: two coking plants (materials 1 and 2) and a manufactured gas plant. Two locations were sampled on the manufactured gas plant site (materials 3a and 3b) differing in their PAH contamination level. The most polluted (material 3b) was limed (2 % w:w). All samples were thoroughly homogenized and sieved at 50, 20 and 2 mm respectively for materials 1, 2 and 3. The main agronomic properties of the four materials as determined by a certified laboratory (Laboratoire d'Analyse des Sols-INRA Arras, France) are listed in the Table 1 . Half of the material 1 was amended with sludge. This procedure followed regulation NF U44-041 (AFNOR 1985) both with regard to sludge composition (Table 1 ) and quantities applied (150 tDM ha -1 every 10 years). In the paper, the un-amended soil is referred as 1a and the amended soil as 1b.
Experimental design
Lysimeter device
The lysimeters were PVC containers (80 9 60 cm, depth 40 cm) filled from bottom to top with a 5 cm gravel drainage layer and 35 cm soil layer. Each lysimeter was equipped with a leaching water collector made of a dark glass bottle (10 L) connected to the bottom of the drainage layer with a plastic tubing. A mesh prevented any significant soil particle or gravel transport. All lysimeters were disposed on slightly inclined (3°) wooden racks at mans height to improve water drainage and collection (Saison et al. 2004) .
Lysimeter management and set-up
Before their use for monitored natural attenuation, pre-NA period, the different lysimeter units were managed and followed for other research purposes such as phytoremediation or assisted bioremediation (Saison et al. 2004; Henner 2000; Schwartz et al. 2003; Fismes et al. 2002) . The main differences were the type soils and cultivation practices (presence of plant or not, plant species, tillage). Even though we do not intend to discuss here results obtained during these initial shorter periods, these practices might have influenced the future behavior of the systems. They are briefly described here and summarized in the Table 2 .
The material 1 (a and b) received three different culture treatments on a 38 months period (control bare soil, Noccaea caerulescens, Brassica napus). Each treatment was followed on four replicates and the units were randomized in four blocks. Material 2 received three different treatments during 26 months (control bare soil, surface tillage, Lolium multiflorum). Each treatment was applied on four replicates and units were fully randomized. For material 3 (a and b), there were four treatments in three replicates (control bare soil, Medicago sativa, L. multiflorum, L. multiflorum ? Trifolium pratense) over 23 months and the units were also fully randomized. These 60 units were located at the Brabois experimental station (Université de Lorraine, Vandoeuvre-lès-Nancy, France).
Over the following NA period, natural vegetation settlement was allowed without any human intervention, either seedlings, watering or amendment application. Vegetation was cut once a year in autumn and biomass left on the plots. The full management time-line of the devices is presented Fig. 1 .
Sampling and analysis
Soil and water sampling
Both soil and leaching water (after significant rain events) were regularly collected and analyzed over the pre-NA periods. The NA period was evaluated with a sampling campaign in March 2008. For each lysimeter a representative average soil sample was obtained by mixing four sub-samples collected with a gouge on the all soil depth. The material was then air dried and sieved at 2 mm before analysis. Leachates were collected after the addition of 40 L of tap water. The volume of leaching water was measured with a graduated bucket. One liter was kept in a dark glass bottle and stored for maximum a week at 4°C before analysis.
Soil analysis
Soil samples were characterized for their pH and PAH content. Soil water pH was determined using normalized 
Water characterization
Leached water samples were characterized with pH, conductivity, dissolved O 2 , Eh and PAH measurements using specific field probes (Multi 350i, WTW). Dissolved organic carbon was estimated by UV absorbance measurement at 250 nm (UV/Vis spectrophotometer DU Ò 520, Beckman) and total dissolved PAH was quantified with a specific probe (PAH probe, AquaMS).
Vegetation cover
Plant diversity was assessed for each lysimeter. Observations were made on March, June and October 2008. Plants were numbered and identified at the species level whenever possible (Association GAIA, 2008) .
Statistical analysis PCA analysis were performed using FactoMineR packages of R (R Development Core Team 2011; Le et al. 2008 ) with the GUI (graphical user interface) Rcmdr (Fox 2005) .
Results
Initial system characterization
The four industrial soils (IUSS Working Group 2006) studied had alkaline pH (Table 1 ). According to their texture they were precisely classified as loamy sand (material 1), loam to sandy loam (material 2), sandy clay loam (material. 3a) and sandy loam (material. 3b). For all materials the texture was close to sandy loam and enabled a good drainage of the systems. The soils initial PAH content reflected their industrial origin and ranged from 380 (material 1) to 2,077 mg kg -1 (material 2). PAH distribution showed a predominance of 3 and 4 aromatic-rings compounds typical of old contamination from coke origin (Fig. 2) . They also contained significant levels of heavy metals with particularly high concentrations for material 2 with 12 mg kg -1 Cd and 1,000 mg kg -1 Pb. The Fig. 3 presents the PCA analysis of initial system including as variables texture parameters (SA: sand (%), SI: silt (%), CL: clay (%)), fertility indicators (pH 0 : initial pH, CEC (cmol kg -1 ), CARB: CaCO 3 (%), C: organic carbon (%), C/N) and pollution levels (PAH 0 : initial 16 US-EPA PAH (mg kg -1 ), Zn: Zn content (mg kg -1 )). The two first components respectively explained 55.8 and 32.3 % of variance 
Pre-NA period
The pre-NA period may be considered for the cultivated plots as an enhanced natural attenuation management or phytoremediation period. All plots displayed a significant and in some cases important decreases in PAH soil concentrations (Fig. 4) . On plots of material 2, PAH dissipation rate was 29 % in average over the 6 first months of experiment and much less afterwards with an average decrease of 34 % after 26 months (Saison et al. 2004 ). The differing agronomic practices did not significantly affect the dissipation rate between treatments. Cropping could only significantly reduce PAH toxicity though without significantly reducing their concentration. The high initial dissipation rate was partly attributed to soil handling: excavation, drying, sieving. Similar trends were observed on plots of materials 3a and b with high dissipation rates over the first 6 months and slower decrease afterwards illustrating also the increasing recalcitrance to natural attenuation of the residual pollution. No significant difference was measured between treatments either (Henner 2000) . Average dissipation rates over the 23 months were respectively 47 and 61 % for materials 3a and b. Plots of material 1 were not specifically followed for PAH content over the pre-NA period. Soil PAH concentration 38 month after plots filling showed a 23 % decrease and no treatment effect. This smaller variation for a longer period may come from a smaller initial concentration resulting from a possible previous in situ attenuation. The absence of significant effect of previous management practices on soil PAH concentration evolution allowed us to pool the different treatments. Our analysis after the NA period did not consider in a first approach the specific pre-NA management differences.
NA period assessment
PAH evolution and transfer
PAH concentration in soils did not evolve significantly over the NA period, except for material 3b with a further decrease of 31 % (Fig. 4) . For materials 1 and 3a there was a slight tendency to decrease and an increase for material 2 but statistically not significant and attributable to soil heterogeneity. After the NA period leached water still contained significant PAH concentrations (Fig. 5) . Values started from 28 ± 7 lg L -1 for material 1 (no differences were observed between materials 1a and b) to increase to 67 ± 9 and 61 ± 7 lg L -1 for materials 2 and 3a respectively and reach the highest value of 90 ± 22 lg L -1 for material 3b. There was no correlation to soil PAH concentration, either initial or final. PAH transfer was part of a significant dissolved organic carbon transfer as well. Both parameters were correlated for materials 1, 2 and 3a. For material 3b, dissolved organic carbon values were much higher than what would be expected from PAH measurements.
Vegetation cover
For all plots, the vegetation cover density was 100 %. The differentiation between lysimeters was done with a diversity parameter here the number of different plant species identified per plot. The highest diversity was observed for plots of material 1 with an average of 10.2 different species identified (min = 4; max = 17). Values for the three other materials were of the same order with respectively 6.8 (min = 2; max = 13), 6.8 (min = 5; max = 10) and 5.8 (min = 3; max = 9) for materials 2, 3a and b. For a given material, no significant differences between treatments appeared. Given these results, the plant diversity appeared significantly higher on material 1 (Kruskal-Wallis, p = 0.05). Correlation matrix between the different measured parameters showed no clear explanation. Material 1 is the less contaminated but the best correlation factor was obtained with exchangeable potassium (r = 0.57). These results are consistent with phytotoxicity testing of industrial contaminated soils showing that weathered aged industrial soils usually do not inhibit plant germination and growth (Henner et al. 1999 ).
PAH dissipation predictability
The Fig. 6 presents the PCA analysis of the final system. In addition to the parameters used for initial system characterization, we added the final PAH concentration (PAH f , 16 US-EPA PAH in mg kg -1 ), the final soil pH (pH f ), the dissolved organic carbon in leached water estimated by 250 nm UV absorbance (DOC), the total PAH concentration in leached water (PAH w , lg L -1 ), the average degradation rate over pre-and NA periods (DEG, mg kg -1 month -1 ), the number of plant species identified per lysimeter (SPE). The two first components respectively explained 43.1 and 32.5 % of variance and the observations were still grouped according to material origin though with more dispersion. The parameters of most interest for NA efficiency evaluation were PAH f and DEG for soil and DOC and PAH w for water. Final PAH concentration seemed closely correlated to CEC and silt. The Pearson's correlation coefficient of final PAH content was respectively 0.94 with silt and 0.86 with CEC. If we distinguished between silt fractions, the correlation seemed similar with an r value of 0.85 with fine silt fraction and 0.88 with the coarse silt fraction. As far as degradation rate was concerned, the most relevant factors appeared to be dissolved organic carbon and water PAH concentration. The Pearson's correlation factors were respectively 0.74 and 0.73 for these parameters. The correlation matrix also outlined a weaker correlation with initial pH and initial PAH concentration (r values of respectively 0.60 and 0.59). Interestingly, final soil pH was not linked to initial values. This was mainly due to the material 3b whose pH decreased from 10.4 to 7.8 whereas for the other materials the pH did not evolve significantly over the period of study.
The number of plant species per lysimeter was not explained confirming that this parameter seemed independent from soil factors and general lysimeter management. Results were most probably influenced by external factors (e.g., climate, localisation, nearby plant colonization).
Discussion
The studied system clearly confirmed NA efficiency as a treatment for PAH soil contamination. A significant and continuous decrease of soil PAH concentration was observed without any threatening transfer to soil solutions either at the beginning (Saison et al. 2004; Henner 2000) or several years after implementation. Among the dissipation processes most probably involved, transfer in leaching water seemed negligible and biodegradation and/or irreversible sorption predominant. Vegetation cover analysis also proved that implementation of vegetation was not altered by residual contamination. The plant cover could therefore favorably contribute to residual pollution impact mitigation in limiting water transfer through evapotranspiration.
Statistical analysis of our system outlined the importance of the fine silt fraction in describing PAH contamination. The positive correlation initially high between soil PAH concentration and the fine silt fraction still increases after the NA period. Previous characterization of this type of contaminated material already outlined the specific nature of this soil fraction for anthropic materials (Monserie et al. 2009 ). Though one of the less abundant (9.5 %), the fine silt fraction may carry 25 % of the PAH contamination. But this distinction seems to apply only to the organic phase. This observation may be the result of pollution evolution (soils come from former industrial sites where industrial activities had stopped long before soil sampling) and/or reflect the nature of the initial contamination. The strengthening of the relationship between initial and final characterization seem to support the first hypothesis. The silt fraction appears as a long-term PAH sink, preserving these molecules from dissipation, lowering its bioaccessibility (Semple et al. 2004 ). The organic composition and a resulting high sorption capacity may be an explanation but further characterization of this specific fraction would be needed to confirm this hypothesis. A specific focus on this particular soil fraction seems a good perspective to improve knowledge on PAH fate in contaminated soils.
PAH dissipation rate appeared correlated to PAH transfer in leached water. But, this process was negligible compared to total mass loss. However, it is an indicator of pollutant availability and could therefore reflect the ability of contaminants to be degraded. Indeed former industrial soils usually host a microbial community adapted to the degradation of the organic molecules historically present (Cébron et al. 2008) . The availability is then the main controlling factor of their transfer and biodegradation (Ouvrard et al. 2011) . Some leachability testing and/or soft extraction techniques mimicking rain water extraction could be good predictors of dissipation rates. These indicators would then help implement MNA and set remediation objectives both in terms of achievable total concentration and treatment duration.
Decrease in total PAH concentrations achieved with NA, though significant, may seem quite small compared to international trigger values for soils and water. However those values are limits for defining intervention and should not be considered as objectives for treatment. Those are then defined after a more detailed risk assessment and are generally higher. For instance, the approach of the French Ministry in charge of the Environment and of the French Environmental Agency is a site specific risk based method. When considering risk, the relevant criteria is the availability of the contaminant and not its total concentration in the soil. NA is therefore an interesting treatment since the processes involved in the pollution removal apply solely to the available fraction of the contamination. A quantitative goal based on total PAH concentration is not fully relevant in this case. There will always remain a refractory fraction of the pollution, not accessible for biological degradation or weathering processes occurring under natural climatic conditions. The only way to degrade refractory PAH would be to inject a lot more energy in the system (e.g., thermal desorption, chemical oxidation). But those are both economically and environmentally unsuitable in many cases. Under these conditions, NA might not offer all the opportunities for re-use of the treated sites, like residential areas. There are alternative and valuable uses beyond residential areas, such as biomass production (e.g., energy, fiber material), biological resource area (e.g., biodiversity reserve), green space (e.g., landscape management). These are examples of ecosystem services (supporting, provisioning, regulating and cultural) that can be fulfilled by such sites as defined by the Millenium Ecosystem Assessment (2005) (MEA).
Conclusion
A long-term in situ assessment of industrial soil lysimeters gave a good and realistic assessment of NA for PAH remediation. Results confirmed that natural attenuation processes can effectively be used for PAHcontaminated soils while preserving or even increasing soil fertility and soil biological functions. These contaminants high sorption to the soil matrix limits their transfer towards undesirable targets such as ground waters, plants or animals. But the adapted microbial community insures a slow but steady degradation rate resulting in a significant decrease of pollutant concentration in the soil over long time periods. A statistical treatment of the different parameters followed highlighted the importance of the fine silt fraction in controlling PAH reactivity. Results also demonstrated that some valuable information such as expected degradation rate and treatment duration might be obtained with pollutant availability estimations (e.g., leaching tests). This work illustrate the importance of field conditions longterm experimental devices as well as the need of studying various soil types (pollutant concentration, agronomic properties) for realistic assessment of this kind of treatment.
